Introduction
============

Angiogenesis, the sprouting of new blood vessels from pre-existing ones, plays an important role in wound healing, tumour growth, skeletal growth and tissue transplantation. One of the most important limitations for a successful application of *ex vivo* generated tissue for transplantation purposes is the slow ingrowth of blood vessels, leading to cell loss through hypoxic cell death during the early post-implantational stage \[[@b1]--[@b3]\]. Therefore, the construction of blood vessels represents a great challenge for the tissue engineering of voluminous grafts. Most approaches in regenerative medicine to stimulate angiogenesis in hypoxic tissues comprise the use of recombinant angiogenic growth factors such as vascular endothelial growth factor (VEGF) or basic fibroblast growth factor (bFGF) \[[@b4]--[@b7]\]. In the meantime, phase II and III clinical trials have been performed, demonstrating the principle efficacy of these angiogenic growth factors, administered either as recombinant proteins or by means of gene therapy, to improve local blood supply in ischemic body regions \[[@b8]\].

Tissue vascularization can also be improved by cell-based approaches using mature endothelial cells or endothelial progenitor cells. In this context, it was shown that Bcl-2-transduced human umbilical vein endothelial cells (HUVECs) seeded in collagen-fibronectin gels form functional microvessels in immunodeficient mice \[[@b9]\]. It was also demonstrated that non-transduced HUVECs are also able to form blood vessels in mice but only when they are co-implanted with mesenchymal precursor cells, which differentiate *in vivo* into mural cells, thus stabilizing the newly formed blood vessels \[[@b10]\].

Another promising approach to stimulate angiogenesis in tissue engineering is the generation of composite grafts, which contain not only specific cell types characteristic for the respective tissue but also endothelial cells for the rapid creation of microvessels in the newly formed tissue. Such a strategy may be useful for applications in bone tissue engineering, for example to enhance revascularization and ossification in non-healing fractures. In this context, a recent study has shown a direct correlation between angiogenesis and bone repair in various models of bone damage \[[@b11]\].

We have previously described a three-dimensional spheroidal coculture model of human primary endothelial cells and human primary osteoblasts (hOBs), which was designed to improve angiogenesis in bone tissue engineering \[[@b12]\]. In the present study, we demonstrate that this system can be used to create a network of functional perfused blood vessels of human origin in two different *in vivo* angiogenesis assays, the chick embryo chorioallantoic membrane (CAM) model and the SCID mouse model**.** The finding that neovascularization originating from implanted endothelial cell spheroids takes place with high efficacy in the presence of co-implanted primary osteoblasts in an osteoconductive environment provided by the PBCB-scaffold implicates that this coculture system may be valuable for bone tissue engineering applications.

Materials and methods
=====================

Cell culture
------------

Human osteoblasts (hOBs) were isolated from femoral heads with the informed consent of the patients according to hospital ethic committee guidelines. Isolation of hOBs from bone material was performed as previously described \[[@b12]\]. Osteoblasts were cultured in medium 199 with Earle's salt (GIBCO, Eggenstein, Germany), supplemented with 10% heat-inactivated foetal calf serum (FCS), 1% L-Glutamine and 1% penicillin/streptomycin at 37°C, 5% CO~2~. HUVECs were purchased from Promocell (Heidelberg, Germany) and cultured in endothelial cell growth medium (ECGM; Promega, Mannheim, Germany) supplemented with 10% heat-inactivated FCS at 37°C, 5% CO~2~, in a humidified atmosphere. Only osteoblasts from second passage and HUVECs from second to fifth passage were used for the experiments.

Generation of endothelial spheroids
-----------------------------------

HUVEC spheroids (1000 cells/spheroid) were generated as previously described \[[@b13]\]. Cells were suspended in culture medium containing 0.25% (w/v) methylcellulose and seeded on plastic dishes in a hanging drop to allow overnight spheroid aggregation. Under these conditions all suspended cells contribute to the formation of a single spheroid per drop of defined size and cell number.

Seeding of processed bovine cancellous bone (PBCB) matrices and 3D culture
--------------------------------------------------------------------------

Discs of PBCB (diameter 7 mm, thickness 2 mm) were provided by Tutogen Medical (Neunkirchen, Germany). To achieve consistent seeding results, discs were incubated in ECGM supplemented with 10% FCS at 4°C for 24 hrs before seeding. Two hundred HUVEC spheroids along with 2 × 10^5^ hOBs were mixed in 100 μl fibrinogen (final concentration 5 mg/ml, Tissucol-Kit; Baxter, Unterschleißheim, Germany) containing the recombinant angiogenic growth factors VEGF-A and bFGF (500 ng each; R&D Systems, Wiesbaden, Germany). Prior to seeding, thrombin (5 units/ml) was added and discs were immediately seeded with the HUVEC spheroid/hOB-fibrinogen solution. As a negative control, PBCB discs were seeded with fibrin gel immobilized hOBs (2 × 10^5^) only. The cell-seeded constructs were incubated at 37°C for 30 min. to induce polymerization of the fibrin gel. After polymerization, discs were incubated at 37°C, 5% CO~2~ in a humidified atmosphere in ECGM supplemented with 10% FCS for various time periods. The medium was changed three times per week.

Implantation of PBCB scaffolds into SCID mice
---------------------------------------------

Four- to 6-week-old SCID mice (C.B.-17-SCID, Harlan Winkelmann, Borchen, Germany) served as recipients of the cell-seeded scaffolds. German regulations for care and use of laboratory animals were met at all times. All experiments were approved by the animal care committee of the University of Freiburg. The animals were housed in the veterinary care facility of the University of Freiburg Medical Center. PBCB scaffolds, seeded with HUVEC-spheroids and hOBs or seeded with hOBs only (negative control), were implanted subcutaneously on each side lateral to the dorsal midline of the SCID mice. Three mice were used per experimental group. Twenty-one days after implantation, the mice were killed and the implants were retrieved. Samples were fixed in Schaffer's solution (37% formaldehyde, 80% ethanol) for 2 days and subsequently decalcified in Tris-ethylenediaminetetraacetic acid (EDTA) solution (260 mm Tris; 270 mm EDTA) for 14 days at 37°C. Samples were then paraffin embedded and sectioned at 5 μm before staining. For perfusion studies, 100 μl FITC-Dextran (70,000 MV, 25 mg/ml anionic, lysine fixable, Molecular Probes, Leiden, Netherlands) was injected into the tail vein of mice 10 min. prior to being killed. Constructs were retrieved and fixed as described above.

Implantation of PBCB scaffolds onto the surface of the chick embryo chorioallantoic membrane
--------------------------------------------------------------------------------------------

The CAM assay was performed as previously described \[[@b14]\]. In brief, fertilized White Leghorn eggs were incubated at 37.8°C and 65% relative humidity. After 3 days of incubation, a circular window with a diameter of 16 mm was cut into the eggshell. Thereafter, the window was sealed with sellotape and the eggs were returned to the incubator until day 7 of incubation. Implantation of cell-seeded PBCB scaffolds was performed on day 7 of incubation by carefully placing the scaffold onto the surface of the CAM. Afterwards, the window was sealed with sellotape and the eggs were re-incubated for 8 days. After that time, the scaffolds were retrieved, fixed in Schaffer's solution, decalcified and sectioned at 5 μm

Morphological and immunohistochemical analysis
----------------------------------------------

Histochemical analyses were done with deparaffinized and rehydrated paraffin sections. Sections for immunoperoxidase stainings were treated with 3% H~2~O~2~ to inhibit endogenous peroxidase. After washing in PBS, the sections were incubated for 30 min. with blocking solution (goat serum, ready to use, Zymed, CA, USA) followed by incubation with the corresponding monoclonal mouse primary antibodies: anti-human CD34 (Dako, Glostrup, Denmark \[1:75\]), anti-human CD31 (Dako \[1:100\]) or anti-vimentin (Dako \[1:75\]) in a humid chamber at RT for 1 hr**.** For immunofluorescence, the sections were incubated with the secondary antibody goat antimouse/Alexa 488 (Molecular Probes \[1:200\]). Afterwards the sections were incubated for 30 min. with anti-smooth muscle α-actin-Cy3 (Sigma, Steinheim, Germany \[1:200\]). For immunoperoxidase stainings the sections were incubated with biotinylated goat antimouse IgG antibody (Zymed \[1:200\]), exposed to streptavidin peroxidase (Zymed \[ready to use\]), developed with diaminobenzidine as substrate, and weakly counterstained with haematoxylin.

Quantification of blood vessels
-------------------------------

Each PBCB scaffold was entirely sectioned and three samples were taken from the front, the middle and the back of the scaffold. The selected sections were stained for human CD34 or CD31 (Dako, Glostrup, Denmark \[1:75\]). Microscopic pictures were taken at 200-fold magnification of three randomized areas per section. To determine the microvascular density (mean number of capillaries per square millimetre) the number of structures with lumen surrounded by CD34^−^ or CD31^+^ cells was counted manually.

Results
=======

Discs of PBCB ([Fig. 1](#fig01){ref-type="fig"}) were seeded with fibrin gel-immobilized hOBs and HUVEC-spheroids. After 24 hrs *in vitro*, cell-seeded scaffolds were inspected by light microscopy revealing integrity of the spherical cell cluster configuration ([Fig. 2A](#fig02){ref-type="fig"}).

![Macroscopic image of the osteoconductive PBCB scaffold.](jcmm0013-3380-f1){#fig01}

![Cell-seeded PBCB scaffold prior to implantation. (A) Phase-contrast microscopy of a single HUVEC spheroid surrounded by co-seeded human osteoblasts. Cells were fibrin gel-immobilized and seeded into the PBCB scaffold (scale bar, 100 μm). (B) hCD31/vimentin double staining of paraffin section of a HUVEC spheroid (brown) surrounded by human osteoblasts (red) 24 hrs after cell seeding (scale bar, 50 μm). (C) hCD31/vimentin double staining of paraffin section after 3 days of *in vitro* growth showing a large hCD31^+^ lumenal structure (scale bar, 100 μm). (D) hCD31/vimentin double staining of paraffin section after 14 days of growth *in vitro* (scale bar, 100 μm).](jcmm0013-3380-f2){#fig02}

The distribution of the HUVEC-spheroids and the primary osteoblasts within the scaffold was investigated on histological cross-sections double-stained for human CD31 as a panendothelial marker and human vimentin to visualize cells of human origin. [Figure 2B](#fig02){ref-type="fig"} shows a single CD31/vimentin-positive HUVEC-spheroid surrounded by vimentin-positive human osteoblasts within the matrix, 24 hrs after cell seeding. After 3 days, an excessive remodelling of the HUVEC-spheroid was detectable, with a destabilization of the spherical configuration and the development of large human CD31^+^ lumenal structures ([Fig. 2C](#fig02){ref-type="fig"}). These structures were stable *in vitro* for prolonged time periods, but did not increase in number as shown at day 14 of *in vitro* growth ([Fig. 2D](#fig02){ref-type="fig"}).

In order to assess whether endothelial cell spheroids are able to form functional blood vessels *in vivo*, HUVEC-spheroid/hOB-seeded scaffolds were investigated in two different *in vivo* angiogenesis assays: the chick embryo CAM model and the subcutaneous SCID mouse model.

In the CAM assay, the cell-seeded scaffolds were placed on top of the CAM and incubated for 8 days. At this time, a dense network of human neovessels could be detected by using a human-specific antibody against CD31 ([Fig. 3A](#fig03){ref-type="fig"}). Double staining with antibodies against human vimentin and human CD31 revealed a homogeneous distribution of human osteoblasts within the human blood vessel network ([Fig. 3B](#fig03){ref-type="fig"}). At higher magnification, perfused human CD31^+^ blood vessels were detectable as demonstrated by the presence of intraluminal haematoxylin-stained avian erythrocytes ([Fig. 3C](#fig03){ref-type="fig"}). Quantification of hCD31^+^ blood vessels in the explanted scaffolds revealed a microvascular density of 50.4 ± 17.3 vessels/mm^2^ ([Fig. 4](#fig04){ref-type="fig"}).

![Cell-seeded PBCB scaffolds incubated on top of the chick embryo chorioallantoic membrane for 8 days. (A) hCD31/vimentin double staining of paraffin section of a scaffold seeded with HUVEC spheroids and human osteoblasts at low magnification (scale bar, 200 μm). (B) hCD31/vimentin double staining of cross-section at higher magnification showing human blood vessels (brown) and human osteoblasts (red) dispersed between the blood vessels (scale bar, 50 μm). (C) hCD31 staining of perfused human blood vessels (brown) containing intralumenal haematoxylin-stained avian erythrocytes (pale blue) (scale bar, 50 μm).](jcmm0013-3380-f3){#fig03}

![Microvessel densities in HUVEC spheroid/human primary osteoblast implants was quantified by counting hCD31^+^ vessels after 8 days of growth on the chorioallantoic membrane or by counting hCD34^+^ vessels after 3 weeks of growth in SCID mice. Values are expressed as number of vessels per square millimetre. Means ± SD from three different sections per group are shown.](jcmm0013-3380-f4){#fig04}

Similarly, when HUVEC-spheroid/hOB-seeded scaffolds were implanted subcutaneously into immunodeficient SCID mice and harvested after 21 days, the formation of a dense human neovasculature could be observed as demonstrated by hCD34/vimentin double-staining ([Fig. 5A](#fig05){ref-type="fig"}). Quantification of the hCD34^+^ vessel structures revealed a high microvascular density in the explants with 43.5 ± 16.3 vessels/mm^2^ ([Fig. 4](#fig04){ref-type="fig"}). The newly formed human vasculature formed anastomoses with the mouse vasculature and perfused human vessels, as demonstrated by the presence of intraluminal mouse erythrocytes ([Fig. 5B](#fig05){ref-type="fig"}) or injected fluorescently labelled dextran ([Fig. 5C](#fig05){ref-type="fig"}), could be detected. hCD34/vimentin double stainings revealed a homogeneous distribution of the vimentin-positive human osteoblasts within the human neovessel network ([Fig. 5A, B](#fig05){ref-type="fig"}). Implantation of plain human osteoblasts also revealed a homogeneous distribution of viable cells, but without any sign of neovascularization ([Fig. 5D](#fig05){ref-type="fig"}). As expected, implants seeded with human osteoblasts alone failed to form any detectable hCD34^+^ microvessels (data not shown).

![PBCB scaffolds seeded with HUVEC spheroids and human primary osteoblasts (hOBs) (A--C, E) or with hOBs only (D) were implanted subcutaneously into SCID mice. After 3 weeks *in vivo*, constructs were explanted and sectioned. (A) Immunostaining using human-specific anti-CD34 (brown) and anti-vimentin (red) antibodies (scale bar, 100 μm). (B) hCD34/vimentin double staining of cross-section at higher magnification showing a perfused human blood vessel (brown) surrounded by hOBs (red) (scale bar, 50 μm). (C) Mice were intravenously injected with FITC/Dextran (green) and the sections were immunofluorescence stained for human CD34 (red) (scale bar, 50 μm). (D) Vimentin staining of a PBCB scaffold seeded with human osteoblasts only (scale bar, 50 μm). (E) Double immunofluorescence staining for human CD34 (grafted HUVEC, green) and α-smooth muscle actin (recruited murine mural cells, red) (scale bar, 100 μm).](jcmm0013-3380-f5){#fig05}

Double-staining for human CD34 and smooth muscle α-actin on cross-sections of implants seeded with HUVEC-spheroids and hOBs showed that the newly formed blood vessels were covered with smooth muscle α-actin-positive mural cells, suggesting that the vessels were stabilized by murine pericytes or smooth muscle cells recruited from the surrounding mouse tissue ([Fig. 5E](#fig05){ref-type="fig"}).

In summary, we have shown that endothelial cells grown in three-dimensional spheroid culture and co-implanted with hOBs into PBCB-scaffolds, organize *in vivo* into tubes and form dense functional vessel networks.

Discussion
==========

Construction of stable blood vessels still represents a great challenge in tissue engineering applications. Without the generation of a functional vascular network, implanted cells will undergo apoptosis due to limitations in oxygen and nutrient supply. Multifarious strategies to induce therapeutic angiogenesis are described and comprise the use of various recombinant angiogenic growth factors such as VEGF and bFGF \[[@b15]--[@b17]\], gene therapeutic approaches \[[@b18], [@b19]\] or cell-based therapies using endothelial cells \[[@b9], [@b10]\]. In this study, we have employed a three-dimensional endothelial cell spheroid system to improve *in vivo* vascularization in bone tissue constructs. The spheroidal endothelial cell culture model was originally developed as an *in vitro* angiogenesis assay for studying endothelial cell differentiation and maturation \[[@b13], [@b20]\]. In addition, this system proved to be suitable as an *in vitro* assay for the identification of pro- or anti-angiogenic molecules \[[@b21]\]. Because it has been recently demonstrated that endothelial cell spheroids are able to develop lumenized capillary sprouts *in vivo*\[[@b22]\], we intended to investigate whether this system is also suitable for the *in vivo* formation of stable blood vessels in bone tissue engineering applications in combination with an osteoconductive PBCB scaffold.

It is well known that tissue engineering of bone substitutes is strongly dependent on vascularization, because no ossification takes place in the absence of blood supply \[[@b11], [@b23]\]. Therefore, we have used endothelial cell spheroids in combination with hOBs to investigate whether such a blood vessel network can be generated *in vivo* in a three-dimensional osteoblast environment. Fibrin gel-immobilized HUVEC spheroids and hOBs were co-seeded in PBCB scaffolds and assessed for their angiogenic potential in the CAM assay as well as in a subcutaneous SCID mouse model. In both assays, the development of a complex three-dimensional network of perfused human neovessels could be detected.

In the context of the SCID mouse model, we have also seen that the newly formed human vasculature was covered by smooth muscle α-actin-positive mural cells, indicating that the neovessels were stabilized by murine perivascular cells recruited from the surrounding mouse tissue.

Schechner *et al*. \[[@b9]\] reported that HUVECs seeded into collagen-fibronectin gels were able to form functional blood vessels in immunodeficient mice. Interestingly, this process was only effective when cells were transduced with a caspase-resistant Bcl-2 protein, which leads to a delay in apoptosis and to the recruitment of perivascular smooth muscle actin-expressing mouse cells. This observation indicates, that the *in vivo* formation of stable microvessels from implanted HUVECs is in part dependent on the occultation of the newly formed vessels by mural cells. It is well established that new capillaries have to be stabilized by association with pericytes or smooth muscle cells for the formation of mature and long-lasting blood vessels \[[@b24]--[@b26]\]. Obviously, this issue seems to be very important for the generation of stable blood vessels in tissue engineering applications as well. Recent work from other groups suggest, that stable blood vessels can only be formed *in vivo* when endothelial cells are co-seeded with other cell types having the potential to stabilize the newly formed vessel. In this context, it was reported that HUVECs form blood vessels *in vivo*, when they are co-implanted with mesenchymal precursor cells, which differentiate into mural cells and stabilize the newly formed vessel \[[@b10]\]. Similarly, Levenberg and colleagues \[[@b27]\] have shown in the context of skeletal tissue engineering, that tissue vascularization by implanted HUVECs is strongly dependent on the co-seeding of embryonic fibroblasts which differentiate into smooth muscle cells and stabilize the vessel network. However, as recently reported by Alajati and colleagues \[[@b22]\], when HUVECs were implanted as three-dimensional spheroids in a Matrigel/fibrin matrix, these spheroids were able to develop a stable and perfused vasculature in SCID mice without the need of co-seeding supporting mural cells.

In our study, we have also been able to show that fibrin gel-immobilized spheroidal HUVECs co-seeded with hOBs into a PBCB scaffold were able to form networks of functional perfused blood vessels in mice without the need of co-implanting supporting perivascular cells. However, it was absolutely necessary to initially provide an angiogenic signal for the endothelial cells as a single dose of recombinant VEGF and bFGF, copolymerized into the fibrin matrix. We have used a relatively high concentration of these angiogenic growth factors with 500 ng each per scaffold because this concentration was already proven to be effective in supporting vascularization emerging from implanted HUVEC spheroids \[[@b22]\]. In the absence of these angiogenic growth factors, HUVECs fail to form vascular structures in our *in vivo* experiments (data not shown).

Recently, Rouwkema and coworkers \[[@b28]\] reported on the *in vivo* formation of a prevascular network using large cospheroids consisting of HUVECs and human mesenchymal stem cells**.** These cospheroids were generated *in vitro* by the application of centrifugal force and consisted of 5 × 10^5^ cells (2% HUVEC; 98% human mesenchymal stem cells) with a diameter of approximately 1 mm. In contrast, the spheroids used in our experiments consisted of only 1000 cells with a diameter of approximately 100 μm and were embedded in growth factor-coated fibrin scaffolds. Although Rouwkema *et al*. were able to show that the *in vitro* generated prevascular network was stable and to a certain degree extensible after subcutaneous transplantation into SCID mice, the formation of a dense homogeneously perfused functional microvessel network was not observed. As stated by the authors, perfusion of the vessels was infrequent and only detectable in the periphery of the constructs.

Therefore, our approach using small spheroids embedded in growth factor-activated fibrin scaffolds may be more favourable for the *in vivo* creation of a dense functional microvessel network.

In our experiments, we have seeded the fibrin gel-immobilized HUVEC spheroid/hOB cocultures into a PBCB scaffold, which represents a clinically established biomaterial for bone replacement. This scaffold, which is already approved for use in human beings \[[@b29]\], is biocompatible \[[@b30]\], osteoconductive \[[@b31]\] and displays biomechanical properties with regard to elasticity and compressive strength that are comparable to autologous bone. The fact that HUVEC spheroid-mediated *in vivo* neovascularization takes place with high efficacy in the presence of co-implanted primary osteoblasts in an osteoconductive environment provided by the PBCB scaffold implicates that this system may be suitable for improving neovascularization and osteogenesis in bone tissue engineering applications.
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